The interaction between a wide ultrarelativistic fully ionized plasma beam and a magnetic barrier is studied numerically. It is assumed that the plasma beam is initially homogeneous and impacts with the Lorentz factor ⌫ 0 ӷ1 on the barrier. The magnetic field of the barrier B 0 is uniform and transverse to the beam velocity. When the energy densities of the beam and the magnetic field are comparable, ␣ϭ8n 0 m p c 2 (⌫ 0 Ϫ1)/B 0 2 ϳ1, the process of the beam-barrier interaction is strongly nonstationary and the density of reversed protons is modulated in space by a factor of 10 or so. The modulation of reversed protons decreases with decrease of ␣. The beam is found to penetrate deep into the barrier provided that ␣Ͼ␣ cr , where ␣ cr is about 0.4. The speed of such a penetration is subrelativistic and depends on ␣. Strong electric fields are generated near the front of the barrier and electrons are accelerated in these fields up to the mean energy of protons, i.e., up to ϳm p c 2 ⌫ 0 . The synchrotron radiation of high-energy electrons from the front vicinity is calculated. Stationary solutions for the beam-barrier collision are considered. It is shown that such a solution may be only at ␣Շ0.2Ϫ0.5, depending on the boundary conditions for the electric field in the region of the beam-barrier interaction.
I. INTRODUCTION
There is now compelling evidence that plasma is ejected from many astronomical objects and flows away at relativistic speeds. The Lorentz factor ⌫ 0 of such plasma wind is a few ϫ(1Ϫ10) for the jets associated with active galactic nuclei ͓1͔ and ϳ10 2 Ϫ10 3 or even more for the ␥-ray bursters ͓2͔. A strong magnetic field may be in the outflowing gas ͓3-6͔. Relativistic magnetized winds can interact with an external medium ͑e.g., an ordinary interstellar medium͒. It was pointed out in Ref. ͓7͔ that such an interaction may be responsible for radiation of both x rays and ␥ rays from the ␥-ray bursters. For consideration of the interaction between a relativistic magnetized wind and an external medium, it is convenient to switch to the wind frame. In this frame, the problem of the magnetized wind-external medium interaction is identical to the problem of collision between a wide relativistic beam of cold plasma and a region with a strong magnetic field, which is called a magnetic barrier.
The problem of the interaction between plasma beams and magnetic barriers was attacked in many experiments and theoretical papers ͑see Ref. ͓8͔ and references therein͒. However, all known experimental studies of the beam-magneticbarrier interaction are irrelevant to our problem. This is because the plasma beams produced by the laboratory equipment are either nonrelativistic or very narrow and the crossbeam sizes are much smaller than the gyroradius of the beam protons in the field of the barrier. In the theoretical studies, it is usually used the assumption of Rosenbluth ͓9͔ that the charge separation is small. However, this assumption is valid provided the inequality (v 0 /c) 2 Ӷm e /m p Ӎ5.4ϫ10 Ϫ4 holds true, where v 0 is the beam velocity, m e is the electron mass, and m p is the proton mass. For relativistic beams, v 0 ϭcͱ1Ϫ(1/⌫ 0 ) Ϫ2 Ӎc, the assumption of Rosenbluth proves inadequate and the charge separation is very important for the dynamics of particles near the barrier front ͓10,11͔. Below, the interaction of a wide ultrarelativistic plasma beam with a magnetic barrier is considered numerically ͑for preliminary results and some astrophysical applications see Ref.
͓11͔͒.

II. FORMULATION OF THE PROBLEM AND BASIC EQUATIONS
The situation to be discussed is the following. At the initial moment tϭ0 the ultrarelativistic ͑Lorentz factor ⌫ 0 ӷ1͒ neutral beam of protons and electrons ͑number densities n p ϭ n e ϵn 0 ) runs along the x axis into the magnetic barrier, which is the half space xϾ0 with an external magnetic field B 0 ϭB 0 ê z ⌰(x), where n 0 ,B 0 are constants and ⌰(x) is the step function equal to unity for xϾ0 and to zero for xϽ0. The beam is infinite in the y-z dimensions and semi-infinite in the x dimension. Our goal is to construct a 1 1 2 dimensional time-dependent solution for the problem, i.e., to find induced electromagnetic fields (EϭE x ê x ϩE y ê y , BϭBê z ) and motion of the beam particles in the x-y plane. The field structure and the beam particle motion are to be treated self-consistently. All the quantities are assumed to be dependent on t and x only.
As noted earlier, the strength of the magnetic fields in the astrophysical winds may be very high, especially in the winds flowing out from the ␥-ray bursters ͓4,5͔. High-energy electrons generate synchrotron radiation in these fields and the radiation damping force that acts on the radiating electrons has to be taken into account. Since m p ӷm e , both the synchrotron radiation of protons and the radiation damping force that acts on the protons are very small ͑e.g., Ref. ͓12͔͒ and may be neglected.
The following set of equations can be used to describe the process of the beam-barrier collision ͓12͔: The four-velocity u i from Eq. ͑4͒ is related to the charge and current densities that appear in the Maxwell equations ͑1͒-͑3͒:
where ͚ means the sum over the beam particles per unitary volume. The energy losses I of electrons because of their radiation in the electric and magnetic fields are computed using the equation ͓12͔
To evaluate the spectrum of the radiation of electrons, we have used the following expression for the spectral intensity of synchrotron radiation ͓13͔:
where K 5/3 is the modified Bessel functions of 5/3 order,
In Eqs. ͑7͒ and ͑8͒, it is taken into account that in our case the velocities of particles are perpendicular to the magnetic field vЌB. The initial beam number density is taken from the equation
where ␣ is the dimensionless parameter. In this work we study mainly the case ␣ϳ1 when the plasma flow pressure is comparable to the magnetic-field pressure of the barrier. In different runs, ␣ ranges from 0.2 to 4. To integrate the set of equations ͑1͒-͑9͒ we used a macroparticle approximation in which all particles of the beam are subdivided into a large number (ϳ10 4 ) of packets. The particles within a packet are bundled together forming a large macroparticle that is infinitively small along the axis x and infinitively large in all directions of the y-z plane. Each packet contains either protons or electrons ͑for details of the numerical method see Ref.
͓11͔͒.
The examined space-time domain is
where x min is equal to a few ϫ͑1Ϫ10͒͑c/ Bp ), x max is equal to a few ϫ͑1Ϫ10)(c/ Bp ), t max is equal to a few ϫ͑1Ϫ10͒ T p , T p ϭ2/ Bp is the proton gyroperiod, and Bp ϭeB 0 / m p c⌫ 0 and c/ Bp ϭm p c 2 ⌫ 0 /eB 0 are the proton gyrofrequency and gyroradius, respectively. The time step of calculations is a few ϫ10 Ϫ6 T p , depending on ␣. The boundary condition for E x is E x ͉ xϭx max ϭ0, as x max is chosen so that no beam particles penetrate deeper than x max in the observed interval of time. Electromagnetic waves generated due to charge flow are allowed to escape freely from the system that is used as boundary conditions for B and E y in Eqs. ͑2͒ and ͑3͒.
III. RESULTS OF NUMERICAL SIMULATIONS AND SCALING
The relativistic cold plasma-magnetic-barrier collision is characterized by the following parameters: B 0 , ⌫ 0 , and ␣. The input parameters of our simulations are given in Table I . The values of B 0 and ⌫ 0 are chosen to be relevant to cosmological ␥-ray bursters ͓3-5,7,11͔. The density of protons that move towards the magnetic barrier (v x Ͼ 0) is almost unperturbed until the distance to the barrier is smaller than ϳc/ Bp . Reversed protons that move away from the magnetic barrier (v x Ͻ0) are bunched in the process of the beam-barrier interaction ͑Fig. 1͒. The modulation of the density of reversed protons is strong at ␣ϳ1 and decreases with decrease of ␣. Namely, the ratio of the maximum to minimum densities of reversed protons is ϳ10 at ␣Ӎ1 and ϳ2 at ␣Ӎ0.2. A typical length of such a modulation is roughly the proton gyroradius c/ Bp . A similar phenomenon was observed also in numerical simulations of collisionless shock waves near the shock front ͑e.g., Ref.
͓14͔͒.
At ␣ϳ1, the mean Lorentz factor of reversed protons that are far enough from the barrier xϽϪ(c/ Bp ), where the process of a strong interaction between particles and fields is more or less over, is ͗⌫ p out ͘Ӎ(0.5Ϯ0.1)⌫ 0 , i.e., about half of the initial kinetic energy of protons, is lost in the process of their collision with the barrier ͑see Table II͒. Figure 2 shows the energy distribution for reversed protons.
The density of electrons that move away from the barrier is well correlated with the density of reversed protons; the correlation coefficient is rӍ0.8, where rϭ pe /ͱ pp ee , and
These electrons screen the electrostatic field E x of proton bunches mostly, but not completely.
At ␣Ͼ␣ cr , ␣ cr Ӎ0.4, it is observed that the length of the beam particle penetration into the barrier increases in time. protons along the x axis vary strongly from each other. However, the mean velocity v pen ϭ͗v x ͘ of the penetrated protons remains more or less constant within the studied time intervals, where ͗v x ͘ is the proton velocity that is averaged over proton gyroperiod. The value of v pen depends on ␣ and is equal to zero ͑no penetration͒ at ␣Ͻ␣ cr Ӎ0.4 ͑see Fig. 3 and Table III͒ .
In the region xϽx pen , strong longitudinal (E x ) and transverse (E y ,B z ) electromagnetic waves propagate while almost no remnants of the external magnetic field B 0 ⌰(x) are found ͑Fig. 4͒. Roughly, it could be stated that at ␣Ͼ␣ cr the magnetic barrier is pushed according to the law B(t) ϭB 0 ⌰"xϪx pen (t)… and x pen appears to be a location of the barrier front at the moment t as well as the particle penetration depth. At xϾx pen , the magnetic field remains unchanged except for its time-space variations due to lowfrequency electromagnetic waves that are generated by the time-variable currents j in the front vicinity. At ␣ϳ1, the typical amplitude of these waves is B 0 Ӎ(0.2Ϫ0.3)B 0 .
In the case ␣Ͻ␣ cr , when the ion penetration length does not increase with time, all protons move along the same track with small deviations from it. In this case, the velocity of all reversed protons is perpendicular to the barrier front. However, at ␣Ͼ␣ cr the trajectories of protons differ qualitatively from each other ͑for the angular distribution of reversed protons in this case see Fig. 5͒ . Therefore, the dimensionless density ␣ may be called a stochastization parameter of the beam protons. In all runs, the trajectories of electrons are very chaotic and differ from each other qualitatively.
B. Acceleration of electrons and high-frequency radiation
The most important feature of the dynamics of electrons is that they are accelerated in the barrier front vicinity by induced electric fields and thus accumulate a substantial portion of the kinetic energy of protons ͑see Fig. 6 and Table II͒. 
within a factor of 2. The fraction of the kinetic energy of relativistic protons that is transformed into the energy of outflowing electrons is up to ϳ20%. The rest of the energy that is lost by protons is transformed into both low-frequency electromagnetic waves and synchrotron high-frequency radiation. The synchrotron high-frequency radiation is generated by single electrons in the process of their ultrarelativistic motion in the electromagnetic fields. The mean energy of so-called radiating electrons near the barrier front xϾϪ(c/ Bp ) is several times higher than the mean energy of outflowing electrons far from the barrier xϽϪ(c/ Bp ), i.e., 
within a factor of 2 or so. Except for numerical factors, Eqs. ͑13͒ and ͑14͒ can be derived analytically from Eqs. ͑1͒-͑9͒. At ␣Ӷ1, electromagnetic fields that are induced in the process of the beam-barrier collision are much smaller than B 0 and the beam particles may be treated as test particles in the field of the barrier. In this case, there is almost no energy transfer from protons to electrons. Therefore, it is natural that both acceleration of electrons and their high-frequency radiation are strongly suppressed at ␣Ӷ1, as was observed in our simulations ͑see Table II͒ 
IV. STATIONARY COLLISION
The problem of the beam-barrier collision is simplified significantly if it is treated as a stationary one. This is because in a stationary consideration a time dependence of all values is disregarded and the beam particles of any kind ͑protons or electrons͒ move along exactly the same track. In this section we consider the beam-barrier interaction in a stationary manner.
A fully relativistic self-consistent model of the stationary interaction between a wide plasma beam and a magnetic barrier was developed by Peter, Ron, and Rostocker in their pioneering paper ͓10͔. The set of equations that describes such an interaction is ͓10͔ dB z dx
where
and A y are the electrostatic and magnetic potentials in units of e/mc 2 . In these equations we have measured the distance x in terms of ͱ2( pe ␤ 0 /c), where pe ϭ(4n 0 e 2 /m e ) 1/2 is the electron plasma frequency and ␤ 0 ϭv 0 /c. Equations ͑15͒ and ͑16͒ for the magnetic and electric fields are first-order ordinary differential equations. Strictly speaking, such an equation allows only one boundary condition. For the magnetic field B z , the boundary condition is B z ϭB 0 at the proton turning point x p ͑see Fig. 8͒ , where B 0 is the field of the barrier. The strength of the magnetic field B f at the front of the barrier xϭ0 has to be found from integration of Eq. ͑15͒. An important issue is where the electric field E x should vanish: at the right or left boundary of the collision region 0рxрx p . In Ref. enough the electric field E x is zero at the left boundary as well, E x ͉ xϭ0 ϭ0. Below, stationary solutions for the beambarrier collision are considered in detail and, in particular, it is shown that there is a net charge in the region 0рxрx p irrespective of the beam density until the beam-barrier collision is stationary, i.e., the transverse electric field E x cannot be zero at both boundaries at once.
The right-hand side of Eqs. ͑15͒ and ͑16͒ for the derivatives of the electric and magnetic fields contains terms that tend to infinity at the electron and proton turning points, i.e., at both xϭx e and xϭx p . This is the main difficulty that does not permit one to apply a standard numerical technique to integrate Eqs. ͑15͒ and ͑16͒ directly. Since the electric and magnetic fields should remain finite everywhere, the mentioned singularities are integrable. To integrate a set of equations with such a weak, integrable singularity, one should switch to another independent variable so that all derivatives with respect to this new variable are finite. The interval of the beam particles may be used as such a new independent variable instead of x. In this case, the right-hand sides of Eqs. ͑15͒ and ͑16͒ are finite everywhere. This is because the particle density per unitary interval is constant ͑e.g., Ref.
͓10͔͒ rather than infinite at the turning points if measured per unitary x. We integrated Eqs. ͑15͒-͑17͒ from xϭ0 to xϭx e using the electron interval s e as an independent variable. Then we switched to another independent variable s p , which is the proton interval measured from the electron turning point with the initial condition s p ͉ xϭx e ϭs e ͉ xϭx e . We thus broke the region of integration into two parts and used a different independent variable for each subinterval to integrate Eqs. ͑15͒-͑17͒. Then we switched back to x as an independent variable to present results of this integration.
Following Ref. ͓10͔, we have used the dimensionless parameter ␣ f ϭ8n 0 m p c 2 ͱ⌫ 0 2 Ϫ1/B f 2 as a measure of the beam density instead of ␣. The parameter ␣ f is more convenient than ␣ for integration of Eqs. ͑15͒-͑17͒ because such integration is performed from xϭ0 to xϭx p . In our calculations the value of ␣ f varies in a wide range from 10 Ϫ2 to 10 3 . To integrate Eq. ͑16͒, the following two kinds of boundary condition for E x were specified: E x ͉ xϭ0 ϭ0 or E x ͉ xϭx p ϭ0. Integration of Eq. ͑16͒ for the boundary condition E x ͉ xϭx p ϭ0 was carried out with a ''shooting method'' technique. The electric field was guessed at the left boundary xϭ0 and Eq. ͑16͒ was integrated with all the quantities specified on that boundary. Then the electric field on the left boundary was adjusted to give a closer agreement with the boundary condition E x ͉ xϭx p ϭ0. Such shots were repeated until the boundary condition for the electric field was satisfied with a desirable accuracy. As a rule, only a few shots were required to reach the accuracy of ϳ1%.
The computational engine we used to solve the regularized set of equations was the LSODE package ͓15͔ together with the OCTAVE interpreter ͓16͔. The developed octave script is mostly compatible with the popular MATLAB ͓17͔ language. Figure 9 shows typical numerical solutions for the longitudinal electric field E x , the magnetic field B z , and the x component of the four-velocity of electrons u e,x in run SR10. In this run, the boundary condition for E x is E x ͉ xϭx p ϭ0. The energies of both electrons and protons inside the barrier are shown in Fig. 10 . The results of our calculations are summarized in Tables IV and V. From these tables and Fig. 9 we can see that the electric field E x is not equal to zero at xϭ0 and xϭx p at once, as mentioned above. A common feature of all stationary solutions is that the electric and magnetic fields sharply increase near the electron turning point x e as it was pointed out in Ref. ͓10͔. There is the following tendency: The greater the value of ␣ f , the sharper the rise of the fields. Due to the change of independent variables discussed above, the sharp rise of the fields at the electron turning point is well resolved: It covers a large number of integration points and derivatives of the fields with respect to the new independent variable remain finite ͑see Fig. 11͒ . The latter facts allow us to claim a high accuracy of our calculations.
In the paper of Peter et al. ͓10͔, Eqs. ͑15͒-͑17͒ were integrated directly using x as an independent variable and therefore they ran into serious difficulties on their way ͓18͔, which led to certain mistakes. For example, they were not able to calculate the value E x (x) at xϭx e directly and the integration of Eq. ͑16͒ was treated as a two-point boundary value problem, adjusting E x (x e ) to be equal to zero at both boundaries E x (0)ϭE x (x p )ϭ0. Our calculations show that TABLE IV. Parameters of simulations of stationary collision between the beam with ⌫ 0 ϭ300 and the magnetic barrier for the boundary condition E x ͉ xϭx p ϭ0. ͓10͔ believed that at ␣ f ӷ1 the orbit of electrons is strongly elongated in the y direction in a narrow vicinity of the electron turning point and the beam electrons move more or less along the barrier front with xӍx e for a long time. As a result, a net charge in the collision region might be zero. We did not observe such a strong elongation of the electron orbit. Moreover, for the boundary condition E x ͉ xϭ0 ϭ0 we have ␣ f Շ1, i.e., for this boundary condition ␣ f cannot be much more than unit. We have confirmed the suggestion of Ref.
͓10͔ that electrons of the beam may be strongly accelerated inside the barrier. However, such an acceleration was observed only in runs with the boundary condition for E x in the form E x ͉ xϭx p ϭ0. For the boundary condition E x ͉ xϭ0 ϭ0, the beam electrons do not penetrate substantially deeper into the barrier than their gyroradius in the field B f and their acceleration is very small.
For the boundary condition E x ͉ xϭx p ϭ0, a stationary solution of Eqs. ͑15͒-͑17͒ can exist for any nonzero value of ␣ f . For all these solutions, we have ␣Շ0.5 ͑see Fig. 12͒ . This upper limit on ␣ is more or less evident since in a stationary case the ram pressure of the beam cannot be more than the magnetic-field pressure of the barrier. As for the case of the boundary condition E x ͉ xϭ0 ϭ0, a stationary solution can exist only if ␣ f Շ1 and ␣Շ0.2. This reduction of the upper limit on ␣ occurs because in such a solution the electric field E x far enough from the barrier front is directed inside the barrier, E x Ͼ0 at xտ a few times x e . This field causes protons to penetrate even deeper into the barrier and to generate even stronger electric field. At ␣ f Ͼ1, at some distance from the barrier front the electric field inside the collision region is stronger than the magnetic field and the barrier cannot suppress penetration of protons inside itself. 
V. DISCUSSION
One of the main results of our time-dependent simulations presented in Sec. III is that the outflowing electrons are strongly accelerated near the barrier front and accumulate a substantial portion of the kinetic energy of protons. At ␣ϳ1, when the ram pressure of the beam is equal to the magnetic-field pressure of the barrier, the fraction of the kinetic energy of protons that is transferred to outgoing electrons is up to ϳ 20%. The acceleration of outflowing electrons is completely due to nonstationarity of electromagnetic fields that are induced inside and near the barrier during the beam-barrier interaction. Indeed, in a stationary case the electric field is constant in time and depends on the x coordinate only, Eϭ͕E x (x),0,0͖. If, as in both Ref. ͓10͔ and Sec. IV, the energy losses of electrons due to their radiation inside the barrier are ignored, the electron energy is a function of x only and the energy of reversed electrons outside the barrier coincides with their initial energy before the beam-barrier collision.
The bunching of reversed protons is a key element of nonstationarity of the beam-barrier collision. Roughly, the process of bunch formation may be illustrated in the following way. The first protons, which enter the barrier from tϭ0 to tӶT p , run along an almost semicircular trajectory in an almost unperturbed field of the magnetic barrier. For the same Lorentz factor, the gyroradius of electrons is much smaller than the gyroradius of protons. Therefore, electrons cannot penetrate as deep as protons into the barrier. The separation of electric charges induce a strong electric field E x in the x direction according to Eq. ͑1͒. The following protons ''feel'' this electric field. The field E x decelerates protons and accelerates electrons. Protons that are injected into the barrier later run along ''shorter'' trajectories and spend less time inside the barrier. As a result, in about half of a proton gyroperiod, tϳ 1 2 T p , most of the protons quit the barrier almost simultaneously and formation of the second bunch begins, and so on.
In the case of large ␣, the velocities v x of reversed protons in the x direction are quite different ͑see Fig. 5͒ so that the bunches will decay at some distance from the barrier. Once there is no bunching at all in the low-␣ case, no bunches can be observed far from the barrier no matter what ␣ is considered.
The propagation of plasma beams across a magnetic field is one of the oldest problems in plasma physics. In spite of the long history of investigation ͑e.g., Ref. ͓8͔͒, a clear model of this phenomenon is yet to emerge. However, some general conclusions about the beam-magnetic-field interaction were made many years ago. For example, if the plasma flow pressure is more than the magnetic-field pressure, it is possible for the plasma to cross the field by purely magnetohydrodynamic principles. This propagation mode is equivalent to the motion of a solid conductor across the field. During propagation, the plasma beam picks up and carries along the ambient plasma and magnetic field. Such models of the beam propagation into the magnetic field are based on the diamagnetic properties of the plasma. Most probably, in our time-dependent simulations we observed such a propagation mode. Physically, the pushing of the magnetic field is provided by strong transverse electric currents ( j y ) in the domain x pen (t)Ϫ(c/ Bp )ϽxϽx pen (t), where x pen (t) is the x coordinate of the most deeply penetrated particle. If ␣ is large enough (␣Ͼ␣ cr ), this current layer screens strongly the external magnetic field of the barrier at xϽx pen (t) Ϫ(c/ Bp ) and moves deeper and deeper into the barrier. From our time-dependent simulations, we have ␣ cr Ӎ0.4. This is more or less consistent with the conclusion that there are no stationary solutions for the beam-barrier collision if ␣ is more than ϳ(0.2Ϫ0.5) depending on the boundary condition on the field E x .
Many important features of our nonstationary solutions are absent in a stationary one. They are energy transfer from incoming protons to outgoing electrons, bunching of outgoing protons, excitation of low-frequency electromagnetic waves, etc.
The main question that still remains open is what the final state of the beam-barrier system in a very long-time run (tӷT p ) is. As noted, we did not observe any decay of nonstationarity of the beam-barrier interaction, even in simulations extended up to t max Ӎ16T p . However, it is possible that at (tӷ10T p ) our nonstationary solution tends to a stationary one. It is worth noting that, in turn, a stationary solution of the beam-barrier collision might be unstable if ␣ is high enough. Indeed, the energy of electrons inside the barrier may be a few hundred times higher than their initial energy. In this case, small (ϳ10 Ϫ2 ) perturbations might result in that some part of the reversed, v x Ͻ0, electrons is stopped and captured inside the barrier before reaching the barrier front. In addition, electrons may be captured by the barrier because of their energy losses via synchrotron emission in electric and magnetic fields if these fields are strong enough. In turn, such a capture of electrons may result in complete destruction of the stationary solution.
The beam-barrier collision is similar, in many respects, to collisionless shocks. Such shocks in astrophysical settings can and do accelerate charged particles to high energies ͑for a review see Refs. ͓19,20͔͒. The efficiency of particle acceleration by shocks may be as high as ϳ20-40 % ͑e.g., Ref.
͓19͔͒. This value is more or less the same as the fraction of the kinetic energy of the beam that may be transferred to high-energy electrons in the process of the beam-barrier collision.
In addition to analytical calculations ͑e.g., Refs. ͓21,22͔͒, acceleration of particles by shocks was studied numerically in both test particle Monte Carlo simulations ͑see Ref. ͓23͔ and references therein͒ and self-consistent plasma simulations ͑e.g., Refs. ͓24-27͔͒. Most current self-consistent simulations of plasma shocks used in astrophysics are of the hybrid type because the m e /m p ratio is small, m e /m p Ӎ0.54ϫ10
Ϫ3 . In the hybrid approach, the ions are treated kinetically using standard particle-in-cell techniques, while the electrons are treated as a massless, charge neutralizing fluid. In our simulations we did not use the hybrid approach because the case of the ultrarelativistic beam is, in some respects, easier than the nonrelativistic case. This is because in our case, ⌫ 0 ӷ1, electrons are accelerated fast, and the mean energy becomes only an order of magnitude smaller than the mean energy of protons. In this case, the ratio of the gyroradii of electrons and protons is about two orders of magnitude larger than m e /m p , which is the ratio of the gyroradii of electrons and protons in nonrelativistic plasma.
